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ABSTRACT

Moore, Jamilyn Ann. M.S., Department of Earth and Environmental Sciences, Wright
State University, 2018. Sedimentary Architecture and Paleochannel Dimensions of the
Lamotte Sandstone of Southeastern Missouri.

This study focused on outcrops of the Lamotte Sandstone (Cambrian) within
Hawn State Park near Farmington, Missouri. The goal was to estimate the channel depth,
channel width, and channel belt width for rivers that deposited this portion of the Lamotte
Ss. Sedimentary characteristics (grain size, bedding type and thickness, and unit bar and
compound bar boundaries) were mapped within three outcrops on photomosaics and
within graphic sedimentary logs (totaling 14 m vertically). The change in sedimentary
characteristics from the lowest to the highest deposits studied suggest the formation and
filling of a major channel within the braided channel belt. The thickness of cross-sets was
used to estimate the height of formative dunes (45-91 cm), mean channel depth (2.7-9.1
m), mean channel width (545-1824 m) and channel belt width (758-3967 m). Similar
results were obtained using other measurements from the Lamotte Ss., and these
dimensions are similar to the modern South Saskatchewan River. The Lamotte Ss. has
long been correlated with the Mt. Simon Sandstone of the Illinois Basin and the results of
this study will help constrain models of heterogeneity in it and other fluvial reservoirs.
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I.

INTRODUCTION

Predicting the movement of fluids in the subsurface, such as for producing water
or oil or gas, or for sequestering carbon dioxide (CO2), requires knowing the distribution
of reservoir properties. Important reservoir properties are porosity and permeability, and
their spatial distribution. In reservoirs composed of sedimentary deposits, porosity and
permeability are controlled largely by grain size and sorting, and these properties are, in
turn, controlled by conditions during deposition. The spatial distribution of sedimentary
characteristics can be thought of as the sedimentary architecture. For sedimentary
deposits created by rivers, their depositional architecture is controlled by characteristics
of the river systems, such as channel depth and width, because these characteristics
control the prevailing depositional forms, which are ultimately preserved in sedimentary
deposits. One of the purposes of this research is to evaluate the idea that river
characteristics reconstructed from detailed study of outcrops can be used to predict
reservoir characteristics. This evaluation will be based on detailed study of outcrops of
the Lamotte Sandstone of Cambrian age (Houseknecht and Ethridge, 1978; Yesberger,
1982) within Hawn State Park in southeastern Missouri.
The sedimentary architecture built by a fluvial system is constructed by
depositional forms, which can each be characterized by the shape and size of mud, sand
or gravel beds deposited and preserved over space and time (Bridge and Tye, 2000;
Nichols, 2009; Ritzi et al, 2016). Figure 1 shows the general character of depositional
1
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forms within a river. Note that although channels (identified here as “major channels”
and “cross-bar channels”) are often thought of as erosional features, their presence is
inferred in deposits by the sediments filling them. Other depositional elements include
cross-sets, unit bars, compound bars, and channel belts. For all fluvial systems, these
elements are arranged by fundamental depositional processes into a hierarchy of
stratification, consisting of four levels, as shown in Figure 2.
The highest hierarchical level (IV) consists of channel belts, which are the
accumulation of major channels (III) and compound bars (III). The deposits within major
channels are often characterized as “channel fills” in which the shape of the channel is
discernible by a basal erosion surface and an overlying accumulation of deposits with no
larger-scale structure than the bedforms that comprise the lowest hierarchical level (I). In
contrast, compound bar deposits (III) are formed by the aggradation of numerous unit
bars (II) and cross-bar channel fills (II). Unit bars are usually dominated by sets of crosssets that are formed by the migration of subaqueous dunes (large-scale cross-sets) or
ripples (small-scale cross-sets); they also contain deposits of plane beds (planar bedding)
(Monson et al, 2016).
Figure 3 includes a photo and diagrams illustrating important sedimentary
architecture features of this hierarchy of stratification within a fluvial system and its
deposits. Figure 3a is an aerial photograph (from Sambrook-Smith et al., 2006) of a
portion of the modern South Saskatchewan River in Canada. Note that within this fluvial
system, channels divide around compound bars, which are formed by the accretion of
smaller areas of sediment accumulation known as unit bars (Monson et al, 2016). Unit
bars are created largely by the migration of subaqueous dunes and these deposits are
3
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preserved as large-scale cross-sets. Figure 3b is a diagram showing these forms in detail,
focusing on a single compound bar (outlined in blue) that is composed of numerous unit
bars (outlined in green) (Lunt et al, 2004). Figure 3c is a cross section through the
compound bar in (b) and the blue line indicates the base of the compound bar. Individual
cross-sets will vary in grain size and some boundaries are often marked by distinct
changes in grain size.
Cross-sets are formed from the downstream migration of subaqueous dunes
(Leclair and Bridge, 2001). Larger scale depositional features, unit bars and compound
bars, can be formed from the accumulation of deposits from subaqueous dunes. Crosssets created by dunes have vertical thicknesses that are largely proportional to the size of
the bedform but also controlled by the rate of deposition (Paola and Borgman, 1991).
The hierarchy of fluvial deposits described in Figures 2 and 3 scale with the size
of the river system that deposited them (Bridge & Tye, 2000; Bridge, 2001; Kelly, 2006).
That is, the dimensions (length and height) of subaqueous dunes and unit bars increase as
channel depth and channel width increase in such a way that the length:thickness ratios of
these deposits are relatively constant. In this way, these ratios should be applicable to
rivers of different size (Bridge and Lunt, 2006). The value of this observation is that
estimates of the size of the river systems can be based on smaller scale bedforms, such as
preserved cross-sets. (Bridge and Tye, 2000; Bridge, 2001; Kelly, 2006). In essence, a
deeper and wider river will create larger deposits. Therefore predicting the scale or
reservoir properties depends on predicting the scale of the depositing river (Bridge and
Lunt, 2006).

6

During periods of low flow, change within a channel, including associated bars, is
relatively modest. However, periods of high flow result in significant channel reworking
(Lunt et al, 2013). Therefore, most preservation is known to occur during episodes of
bankfull flooding, which occur on the average, once or twice every three years (Lunt and
Bridge, 2004).
Bridge and Mackey (1993); Leclair et al. (1997); Bridge and Tye (2000); Leclair
and Bridge (2001); Leclair (2002); and Lunt et al. (2013) have all shown quantitatively
how to reconstruct the scale of depositing rivers from measurements of preserved crossset thickness. Theoretical and experimental work by Paola and Borgman (1991), Bridge
and Best (1997), and Leclair and Bridge (2001) have shown that the height of dunes
controls the cross-set thickness distribution. Because dune height is known to be related
to flow depth, cross-set thickness distribution provides a way to estimate the water depth
that existed at the time of dune migration (Yalin, 1964; Allen, 1984; Bridge and Tye,
2000; Leclair and Bridge, 2001). Channel belt width can then be calculated from the
mean channel flow depth estimation (Bridge and Mackey, 1993; Bridge and Tye, 2000;
Leclair and Bridge, 2001).
The focus of the present research is to estimate the channel depth, channel width
and channel belt width for rivers that deposited a portion of the Lamotte Sandstone.
These estimates are generated by studying outcrops and using empirical equations
derived from studies of modern rivers and laboratory flume experiments. Outcrops of the
Lamotte Sandstone near Farmington, Missouri (see Figure 4a), were selected for detailed
study because they are laterally extensive, easily accessible and have discernible
sedimentary structures. Previous research on sedimentary structures of the Lamotte
7

8

(a)
(b)

Sandstone suggests deposition in a braided fluvial environment (Wallace, 1938;
Ojakangas, 1960, 1963; Houseknecht, 1975; Houseknecht and Ethridge, 1978; Yesberger,
1982).
The current research focused on three outcrops within Hawn State Park located in
Missouri (Figure 4b). The principal objectives are to: (1) summarize the details of
individual outcrops in graphic sedimentary logs; (2) locate individual boundaries for unit
bars and compound bars within each outcrop; (3) measure vertical thicknesses of
individual units within the outcrops; (4) utilize this data to estimate paleochannel
dimensions such as mean channel flow depth, mean channel width and channel belt width
based on the approaches of Bridge and Tye (2000) and Leclair and Bridge (2001).
Thus, the central question of this thesis is: What does the detailed analysis of
outcrops of the Lamotte Sandstone in Hawn State Park reveal about the characteristics of
the rivers that deposited them?
This research has broader implications. As noted by Bridge and Tye (2000),
paleochannel patterns and dimensions cannot be reliably determined from cores and logs
alone. Therefore, it is often difficult to define the heterogeneity of reservoir properties
within formations that occur only in the subsurface. One such reservoir is the Mt. Simon
Sandstone within the Illinois Basin, which is a target for CO2 sequestration (Leetaru and
Frieburg, 2014). The Lamotte Sandstone has been correlated with the Mt. Simon (Figure
5). Therefore, the results of this study can be used to support inferences about
heterogeneity in the Mt. Simon Sandstone.

9
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II.

BACKGROUND

This study focused on outcrops of the Lamotte Sandstone within Hawn State Park
near Farmington, Missouri. This area is part of the northern region of the St. Francois
Mountains of southeastern Missouri. The Lamotte Sandstone is of Cambrian age and is
considered the lowermost Paleozoic formation in Missouri (Houseknecht and Ethridge,
1978; Yesberger, 1982). It is considered stratigraphically equivalent to the Mt. Simon
Sandstone of Illinois, Indiana, and Ohio. The Lamotte Sandstone overlies igneous and
metamorphic rocks of Precambrian age and transitions conformably upward into the
carbonate Bonneterre Formation (Figure 6).
Prior research by Houseknecht (1975) and Houseknecht and Ethridge (1978)
reconstructed the depositional setting of the Lamotte Sandstone in Farmington, Missouri.
Houseknecht and Ethridge (1978) proposed that these exposures displayed a sequence of
lithologies and sedimentary structures that together suggested deposition of the Lamotte
Sandstone in a braided fluvial environment.
Yesberger (1982) analyzed sedimentary structures and vertical successions of the
Lamotte Sandstone. He showed that the vertical facies sequences differed in ways that
allowed the Lamotte Sandstone to be segregated into lower, upper and uppermost
divisions (Yesberger, 1982). He interpreted the lower and upper divisions to be of
braided fluvial origin. In contrast, he interpreted the uppermost division to have been
deposited on an alluvial coastal plain formed by the distal portions of a braided stream
system. Yesberger (1982) studied additional outcrops in the surrounding area but the
outcrops most relevant to this study are the ones he studied within Hawn State Park (his
HS1, HS2, and HS3).
11
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III.

METHODS

As shown in Figure 4, this study focuses on three outcrops of the Lamotte
Sandstone that are approximately 1 km to the southwest of those studied by Yesberger
(1982). The three areas studied are named Outcrop A Lower, Outcrop A Upper, and
Outcrop B. Figure 7 identifies the locations of all three outcrops within Hawn State Park
and shows their relationships to one another. Stratigraphically, the base of Outcrop B is
the lowest portion of the Lamotte Sandstone that was studied. As shown in Figure 7,
Outcrop A is laterally adjacent to Outcrop B and about 33 m (110 ft) to the northeast.
Outcrop A Lower is directly overlain by Outcrop A Upper. The top of Outcrop A Upper
is approximately 10.4 m (34.3 ft) above the base of Outcrop B, so that the entire
thickness studied is approximately 10.4 m (34.3 ft).
These outcrops were selected within Hawn State Park because of their easy
accessibility and clear evidence of sedimentary structures. The following four methods
of analysis were applied to each study area.
1) Graphic sedimentary logs
Graphic sedimentary logs represent the characteristics, such as grain size, texture,
thickness, bedding, and sedimentary structures identified in a vertical sequence (Nichols,
2009).
Graphic sedimentary logs are included of each outcrop for this research and for
outcrops studied by Yesberger (1982). Four logs were created for this research and have a
total thickness of 14.1 m (46.3 ft). Portions of three graphic sedimentary logs are
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(b)

(a)

(c)

included from the research by Yesberger (1982); these portions have a total thickness of
16 m (53 ft).
2) Unit bar and compound bar boundaries
Photomosaics were created from about 200 individual photos of the three
outcrops. To keep the scale of the photos relatively consistent, flags were placed along a
line at 3 m (10 feet) from the outcrop face; photos were taken from positions along this
line (see Fig. 8). Physical scales were determined for the photomosaics so that the width
and thickness of units could be determined. The horizontal scale for a photomosaic was
determined by measuring distance along the outcrop from a datum at the northwest end of
each outcrop. The vertical scale was determined by including a physical scale near the
center of many photos. The physical scale was constructed of PVC pipe marked with
black and white portions in intervals of 0.5m (large divisions) and 0.1m (small divisions).
Boundaries were initially identified on photomosaics, but these were adjusted in the field
based on close observations.
Two sets of photomosaics were produced for each outcrop. The initial, working,
photomosaic was first interpreted by marking apparent boundaries. The photomosaics are
useful in identifying larger-scale features, which can be difficult to trace when the
outcrop is studied closely. However, many of the boundaries had to be adjusted in the
field. Boundaries were marked on the outcrop using chalk. These boundaries identify the
inferred margins of unit bars and compound bars, and also other discontinuities. Next,
cross-set unit boundaries were numbered on each outcrop. Unit numbers increase
upward from the base of each outcrop. When units split laterally, letters (a, b, c, etc,)
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were appended to the unit numbers. Once all boundaries were located and marked, more
photographs were taken. Updated photomosaics were made to include numbered units
and inferred boundaries. These boundaries and units provided the data on the thicknesses
of individual units in each of the outcrops.
3) Unit thickness
For each cross-set that could be reached on the outcrops, thicknesses were
measured directly. This was possible only for the lower part of Outcrop A Upper. For the
upper portion of this outcrop, thicknesses were estimated. A total of 61 measurements of
cross-set thickness were recorded.
4) Estimating paleochannel dimensions
The height of dunes forming unit bar deposits are known to scale with the depth
of the flow creating them. Therefore, cross-set thickness can be used to estimate channel
depth. Also, the lateral extent of unit bars and compound bars scale with the width of
channels in which they form. Therefore, the lateral extent of bounding surfaces can be
used to estimate channel width (Monson et al., 2016).
Most natural sedimentary topography shows variation that occurs because dunes
change in height as they migrate downstream during their life span (Figure 9) (Leclair,
2000; Leclair and Bridge, 2001). Under most conditions, the thickness of cross-sets
created by dune migration can be expected to be a fraction of the original topographical
height because the preserved cross-sets are likely to have been modified by erosion prior
to preservation.

17
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Mean cross-set thickness (Tm) was computed as:
Tm = sum of cross-set thickness / number cross-sets

(1)

The variation among these measurements affects subsequent estimations and the
impact of that variation is identified using a range of values. For a set of measurements
the standard deviation (σ) can be found using:

(2)
where Σ represents “sum of”, xi represents each of the values of the data, x̄ represents the
mean of xi, or in this case the mean cross-set thickness (Tm) and n represents the number
of data points.
The Standard Error of the Mean (SEM) measures how accurate the estimate of the
mean cross-set thickness is likely to be (Kalla and Wilson, 2009). Calculation of the SEM
helps to account for the random change in the variable distribution of thicknesses within a
natural setting. SEM can be computed as

𝑆𝐸𝑀 =

σ

(3)

√𝑛

where σ represents standard deviation of the original distribution and n represents the
sample size. To judge the impact of variability in the measurements of cross-set
thickness, the estimates described below will be computed using minimum values,
represented by Tm – SEM, and maximum values, represented by Tm + SEM. These
extreme values will also be combined with the minmum and maximum values of
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parameters for estimating dune height and flow depth to identify the full range of
variability.
Leclair and Bridge (2001) discussed the relationship between cross-set thickness
and formative dune height (hm). They suggested the following empirical equation:
hm = a * Tm

(4)

where a ranges from 2.2 to 3.6. This equation is in agreement with observations in
modern dunes (Yalin, 1964; Allen, 1984; Bridge and Tye, 2000).
Paola and Borgman (1991) earlier suggested a more detailed approach of fitting a
gamma function to the probability density function (PDF) of measured cross-set
thicknesses. The fitting parameters of the gamma distribution can then be used to
estimate mean dune height. However, Leclair and Bridge (2001) noted that, “In some
outcrops and cores, it may not be possible to measure enough cross-sets to define the
PDF.” Because my data consists of only 61 measurements, I chose to use the simple,
linear approach suggested by Leclair and Bridge (2001).
Using the approach outlined in Leclair and Bridge (2001), the mean flow depth
(Dm) can be estimated from the mean dune height (hm) (Lunt et al., 2013):
Dm = b * hm

(5)

where b ranges from 6 to 10.
Mean channel width (CW) can be estimated from mean channel flow depth (Dm).
Bridge (2003) and Lunt et al. (2013) suggest the following relationship:
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CW = 200 * Dm

(6)

with no indication of a range in the numerical value (200). Channel belt width (CBW) can
be estimated from mean channel flow depth (Dm) using the following equation suggested
by Bridge and Mackey (1993) and Lunt et al. (2013):
CBW = 192 * (Dm1.37)

(7)

with no indication of a range in the numerical values.
These empirical equations will be used to compute estimates for the
reconstruction of paleochannel dimensions for the Lamotte Sandstone within Hawn State
Park.
IV.

RESULTS

1) Outcrop Features
Bed features within graphic sedimentary logs represent the successions of
depositional units within the sediments studied in Hawn State Park. Abundant cross-sets,
unit bars, and compound bar boundaries were identified. These characteristics support the
general interpretation that the sediments of the Lamotte Sandstone were deposited in a
braided fluvial system, a conclusion supported by previous research by Houseknecht and
Ethridge (1978) and Yesberger (1982).
Figure 10a presents a graphic sedimentary log from Yesberger’s (1982) research
on the Lamotte Sandstone; it is a portion of his HS2 location (see Yesberger, 1982, Plate
1). Figure 10b is a graphic sedimentary log from Outcrop B. Note that Fig. 10a shows a
vertical thickness of 6.1 m (20 ft) whereas Fig. 10b shows 3.8 m (12.5 ft). Despite this
21
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difference, Figure 10 shows that there are many similarities in the bedding structures in
these two outcrops in Hawn State Park. As noted before, these outcrops are about 1 km
apart.
Figure 11 is a photomosaic of Outcrop B. The portion identified within the red
rectangle was studied in detail; it is 2.0 m (6.6 ft) wide and 3.8 m (12.5 ft) thick. Figure
12 shows a portion of Outcrop B with cross-set boundaries marked, together with the
corresponding graphic sedimentary log. Figure 12a shows 14 cross-sets (separated by red
lines), and an extensive discontinuity (green line) inferred to be the boundary between
unit bars. A small normal fault (less than 10 cm offset) was identified in this section
(purple line). Figure 12b is the graphic sedimentary log detailing lithology for cross-sets
that correspond with Outcrop B.
Grain size for Outcrop B ranges from medium sand to granules with a mean of
coarse sand. The graphic sedimentary log (Fig. 11b) indicates both fining- and
coarsening-up beds with abundant cross bedding and some planar bedding. Yesberger
(1982) also found that sandstones for his “lower” section are medium grained to very
coarse grained.
Table 1 compiles measurements of the thickness of cross-sets identified in
Outcrop B and the parameters that are derived from them. The vertical thickness for the
14 cross-sets measured in Outcrop B range from 7 cm to 83 cm (Appendix A). Using
equation (1), the mean thickness, Tm, is 27 cm.
Figure 13a presents a graphic sedimentary log from Yesberger’s (1982) research
on the Lamotte Sandstone; it is a portion of his HS2 location (see Yesberger, 1982, Plate
23
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1). Figures 13b and 13c are graphic sedimentary logs from two locations within Outcrop
A Lower (identified as I and II). Note that Figure 13a shows a vertical thickness of 4.6 m
(15.0 ft) whereas Figure 13b and 13c both show approximately 3.0 m (10.0 ft). These
diagrams illustrate the many similarities in the bedding structures. Figure 14 is a
photomosaic of Outcrop A Lower, including I and II, with physical scales and the studied
sections outlined in red rectangles.
Figure 15a is a detailed section of Outcrop A Lower – I that extends 1.0 m (3.3 ft)
laterally and 2.6 m (8.5 ft) vertically. Outcrop A Lower – I displays 17 cross-sets
separated by red lines, a green line depicting a discontinuity inferred to be the boundary
between unit bars, and an orange line indicating a more pervasive discontinuity inferred
to be a compound bar boundary. Figure 15b is the graphic sedimentary log detailing
lithology for cross-sets that correspond with Outcrop A Lower – I.
Figure 16a is a detailed section of Outcrop A Lower – II that extends 1.0 m (3.3
ft) laterally and 3.1 m (10.2 ft) vertically. Outcrop A Lower – II displays 19 cross-sets
separated by red lines, a continuation of the green line that depicts a discontinuity
inferred to be the boundary between unit bars, and a continuation of the orange line
indicating a more pervasive discontinuity inferred to be a compound bar boundary.
Figure 16b is the graphic sedimentary log detailing lithology for cross-sets that
correspond with Outcrop A Lower – II.
Grain size for Outcrop A Lower -I and II ranges from fine sand to coarse sand
with a mean of medium sand. The graphic sedimentary logs (Figures 15b and 16b)
exhibit mostly fining-up beds with a few coarsening-up beds. Outcrop A Lower – I
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displays about equal amounts of planar bedding and cross-sets. Outcrop A Lower – II
displays a greater proportion of cross-sets relative to planar beds.
Table 1 compiles measurements of the thickness of cross-sets identified in
Outcrop A (I and II) and the parameters that are derived from them. The vertical
thickness for the 17 measured cross-sets in Outcrop A Lower – I range from 6 cm to 55
cm (Appendix B). Using equation (1), the mean thickness, Tm, is 15 cm. The vertical
thickness for the 19 measured cross-sets in Outcrop A Lower – II range from 4 cm to 48
cm (Appendix C). Using equation (1), the mean thickness, Tm, is 16 cm.
Figure 17a presents a graphic sedimentary log from Yesberger’s (1982) research
on the Lamotte Sandstone; it is the uppermost portion of his HS2 location (see Yesberger,
1982, Plate 1). Figure 17b is a graphic sedimentary log from Outcrop A Upper. Note that
Figure 17a shows a vertical thickness of 5.5 m (18.0 ft) whereas Figure 17b shows only
4.7 m (15.3 ft). Despite this difference, Figure 17 shows that there are many similarities
in the bedding structures throughout the Lamotte Sandstone at these locations.
Figure 18 is a photomosaic of Outcrop A Upper with physical scales. The studied
section (outlined in red) for Outcrop A Upper extends 2.0 m (6.6 ft) laterally and 4.7 m
(15.3 ft) vertically. Figure 19a is a detailed section of Outcrop A Upper that displays 12
cross-sets separated by red lines. Figure 19b is the graphic sedimentary log detailing
lithology for cross-sets that correspond with Outcrop A Upper.
Grain size for Outcrop A Upper ranges from very fine sand to medium sand with
a mean of fine sand. The graphic sedimentary log (Fig. 19b) indicates mostly fining-up
beds with a few coarsening-up beds and an even mixture of cross-sets and planar
32
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bedding. Examining Yesberger’s (1982) “uppermost” graphic sedimentary log (Fig. 17a)
shows grain sizes that average fine sand.
Table 1 compiles measurements of the thickness of cross-sets identified in
Outcrop A Upper and the parameters that are derived from them. The vertical thickness
for the 12 cross-sets measured units in Outcrop A Upper range from 23 cm to 80 cm
(Appendix D). Using equation (1), the mean thickness, Tm, is 43 cm.
2) Cross-set Thickness and Estimated Channel Parameters
Table 1 summarizes the data collected for Outcrop A Upper, Outcrop A Lower,
and Outcrop B. As noted above, Yesberger (1982) also studied outcrops in Hawn State
Park and reported data on cross-set thickness. It is useful to compare results from these
two studies.
Yesberger (1982) identified cross-sets in the outcrops he studied. However, he did
not report the thickness of individual cross-sets. Instead, he identified cross-sets in four
categories of bedding thickness modified from those proposed by Reineck and Singh
(1973). In Yesberger’s system, the categories are 1-10 cm (thin beds; associated
thickness 5 cm), 10-30 cm (medium beds; associated thickness 10 cm), 30-100 cm (thick
beds; associated thickness 30 cm), and greater than 100 cm (very thick beds; associated
thickness 100 cm). Table 2 shows these categories, the facies codes that Yesberger
(1982) designated within each, and the number of cross-sets in each category. The
number in each category is the sum of occurrences reported by Yesberger (1982; his
Table 9) for outcrops HS1, HS2, and HS3, which are all in Hawn State Park. Note that
the associated thicknesses reported for each category are those stated by Yesberger
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(1982; p. 64); they are not the midpoint of the range. Yesberger (1982) was focused on
the distribution of cross-sets among the categories and did not compute an overall mean
thickness from his data. In contrast, the current research utilizes Yesberger’s (1982)
results to compute a mean cross-set thickness that is comparable to Tm. To compute Tm
from the data of Yesberger (1982), each cross-set in a given category was assigned the
associated thickness. In this way, the large number of cross-sets (196 total) identified by
Yesberger (1982) can be utilized to compute an overall Tm for his data. This can be
compared with the Tm computed by combining all the cross-sets (61 total) measured in
the current research.
Table 2 shows that Tm computed from the data of Yesberger (1982) is 14 cm.
This is smaller than that computed from the combined measurements from this research,
which is 23 cm. Table 3 shows these values, the statistical parameters, standard deviation
(σ), and standard error of the mean (SEM) associated with them.
Table 3 also shows the parameters estimated using Tm and equations (4) through
(7). The range of values for the estimated parameters shown in Table 3 is computed by
utilizing ranges of values as follows. Using equation (4), hm min is computed using Tm–
SEM and the smallest value for parameter a, which is 2.2; hm max is computed using
Tm+SEM and the largest value for parameter a which is 3.6. In this way, hm min and hm
max represent the extreme values. Using equation (5), Dm min is computed using hm min
and the smallest value of parameter b, which is 6; Dm max is computed using hm max
and the largest value of parameter b, which is 10. Using equation (6), CW min is
computed using Dm min; CW max is computed using Dm max. Using equation (7), CBW
min is computed using Dm min; CBW max is computed using Dm max.
38

39

Table 3 also shows values of many of these parameters derived from
measurements in the modern South Saskatchewan River. Lunt et al. (2013) reported a
mean cross-set thickness of 11 cm. Using this as Tm, the other values were computed
using equations (4) through (7). Since no SEM was reported, Tm was used without
modification, and the range for hm was determined only by using the extreme values for
the parameter a. Lunt et al. (2013) reported values of flow depth (Dm) measured during
the formation of the cross-sets they studied. The reported a mean value of Dm as 1.2 m
and a maximum value of Dm as 3.7 m. Note that this mean value is greater than the
minimum computed using equation (4), suggesting that it slightly overestimates Dm,
although the maximum values are fairly close. Note also that Lunt et al. (2013) report
that the measured channel belt width of the South Saskatchewan has a mean value of 600
m. This value is between the minimum (320 m) and maximum (1280 m) values estimated
using Tm and equation (7). This value also falls between the minimum (399 m, Yesberger
(1982) data) and maximum (3967 m; combined outcrops of this study) values estimated
using Tm and equation (7).
V.

DISCUSSION

The current study focused on identifying and measuring depositional features
within outcrops of the Lamotte Sandstone in Hawn State Park. These depositional
features include grain sizes, sedimentary structures, and larger-scale features including
unit bars and compound bars. No channel-shaped erosional features were identified
within the outcrops studied. However, the depositional features that were identified
support the interpretation that deposition occurred within a braided channel belt system.
This interpretation was supported by previous research on the Lamotte Sandstone by
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Houseknecht and Ethridge (1978) and Yesberger (1982). Details revealed by the current
study allow further refinement of this general interpretation.
It is important to note that the vertical thickness of outcrops in this study totals
about 14 m whereas the total thickness of the Lamotte Sandstone in the area is about 150
m (Houseknecht and Ethridge, 1978). Thus, the outcrops studied represent about 10% of
the total in both thickness and in time (assuming a constant rate of accumulation). With
this framework in mind, it is useful to consider the scope of vertical changes identified in
this study.
Stratigraphically, Outcrop B represents the lowest interval studied. Grain size
ranges from medium sand to granules. It has both fining- and coarsening-up beds and
abundant cross-sets. It contains a lag deposit (base of unit 5 in Fig. 12) indicating an
episode of increased flow during deposition. These characteristics are expected within
the lower portion of a compound bar.
Outcrop A Lower – I & II contains a portion of the same interval as Outcrop B
but extends the studied section upward by about 1 m. Grain size ranges from fine to
medium sand. It has mostly fining-up beds, and approximately equal amounts of planar
bedding and cross-sets. Both unit bar and compound bar boundaries were inferred (see
Figs. 15 and 16). These characteristics are expected within the upper portion of a
compound bar, on which unit bars were deposited.
Outcrop A Upper extends the studied section upward by about 5 m. Grain size
ranges from very fine to medium sand, which is finer than the lower outcrops studied.
Fining-up beds dominate, and, although both planar bedding and cross-sets occur, planar
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bedding dominates toward the top. These characteristics are expected within the uppermost portion of a compound bar.
The sequence from the lowest (Outcrop B) to the highest (Outcrop A Upper)
interval studied here might represent the formation and filling of a major channel within
the braided channel belt. This general interpretation can be evaluated using estimates of
the size parameters of channels estimated from cross-set thickness, as summarized in
Table 3.
The mean cross-set thickness, Tm, changes from 27 cm for Outcrop B, to 15 cm
for Outcrop A Lower, to 43 cm for Outcrop A Upper. This lack of an overall trend
suggests that these differences represent natural variations during the interval of time
required for deposition. Individual unit bars form during episodes of bankfull flow, which
occur in modern rivers about once or twice every three years (Lunt and Bridge, 2004).
Figure 3c shows that unit bars are composed of a vertical accumulation of five to ten
cross-sets. About 60 cross-set units were identified in this study, which suggests the
occurrence of about ten unit bars. Thus, the time interval represented by this deposition
could be on the order of decades to centuries. Over this time interval, it seems reasonable
to use Tm computed for all the cross-sets identified in this study.
Table 3 shows that the mean flow depth, Dm, estimated from Tm for these
outcrops ranges from 2.7 m to 9.1 m. This is in broad agreement with the interpretation
that the thickness of the deposits studied here (14 m) could represent the establishment
and subsequent filling of a major channel. The data from the study of Yesberger (1982)
span an interval of 43 m and therefore represent a longer-term average. For those data,
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Dm ranges from 1.7 m to 5.3 m. If this range is representative of a long-term average, the
interval studied here might represent deposition in a channel that was larger than the
average. Even so, the overall range of mean depth (1.7 m to 9.1 m) estimated for the
Lamotte Sandstone is of the same order of magnitude as the modern South Saskatchewan
River, which has a measured mean depth of 1.2 m (Lunt et al., 2013, see also Table 3).
Table 3 shows that channel width, CW, estimated for the Lamotte Sandstone
ranges from 341 m to 1824 m and for the South Saskatchewan River ranges from 290 m
to 800 m. This suggests that the channels depositing the Lamotte Sandstone may have
been slightly larger than those of the South Saskatchewan River, but that they are
generally comparable. The same is true for channel belt width (CBW). For the Lamotte
Sandstone, CBW ranges from 399 m to 3967 m; for the South Saskatchewan River, mean
CBW is measured as 600 m. In general, then, the South Saskatchewan River is a good
analog for the river system that deposited the Lamotte Sandstone.
The variation among the results compiled in Table 3 could have several sources.
These sources include: (1) inaccuracy of cross-set thicknesses for Outcrop A Upper
because these had to be estimated visually; (2) variation in the number of measurements
of cross-strata thickness, which was 196 for the study of Yesberger (1982), about 350 for
the study of the South Saskatchewan River by Lunt et al. (2013) and 61 for this study;
and (3) natural variation of the river system during the deposition of the Lamotte
Sandstone. The importance of this last source was recognized by Bridge (2003, p. 223)
who stated “When attempting to reconstruct paleochannel patterns from ancient deposits
it should be realized that channel patterns in a particular reach of a channel belt can vary
markedly in space and time.” Thus, differences should be expected among the estimates
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derived from studies of the Lamotte Sandstone within Hawn State Park. Overall, the
results of this study suggest that the empirical approach to estimating paleochannel
dimensions has value.
The extreme values reported in Table 3 can be used to account for the range of
possible effects on reservoir properties (Lunt et al., 2013). Estimates of channel belt
width (CBW) are important to reservoir modeling because this is a fundamental control
on the connectedness of fluvial sandstone bodies (Lunt et al., 2013). Furthermore,
utilizing data from outcrops can help constrain other aspects of the sedimentary
architecture within reservoirs. More generally, the size of the depositing river will control
the overall size of the reservoir or aquifer created by those deposits.
The Lamotte Sandstone has long been correlated with the Mt. Simon Sandstone of
the Illinois Basin, which is a target reservoir for CO2 sequestration (see for example,
Leetaru et al., 2014). The results of this study should be helpful in constraining reservoir
models (see for example, Ritzi et al., 2016). Despite the variation within each river and
each outcrop, a unifying depositional model such as Figure 1 (Lunt et. al., 2004) can be
used as a guide for establishing the scales of sedimentary deposits created by a fluvial
system (Kelly, 2006).
VI.

CONCLUSIONS

The important conclusions of this current study are as follows:
1) The sedimentary characteristics identified within three outcrops studied in detail
suggest that the Lamotte Sandstone was deposited by a braided river system.
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2) The change in sedimentary characteristics from the lowest (Outcrop B) to the
highest (Outcrop A Upper) deposits studied suggest the formation and filling of a
major channel within the braided channel belt, with the preservation of numerous
dunes (as cross-sets), several unit bars, and at least one compound bar.
3) Cross-sets within these outcrops have a mean thickness, Tm, of 23 cm. The data of
Yesberger (1982) yield a value for Tm of 14 cm. Yesberger (1982) studied an
interval 43 m thick, whereas this study focused on an interval that was 14 m thick.
Because of this difference, it is likely that the value from the data of Yesberger
(1982) represents a longer-term average. Taken together, these estimates suggest
that the mean depth of the channels depositing the Lamotte Sandstone in Hawn
State Park ranged from 1.7 m to 9.1 m.
4) Additional estimates suggest that channel width, CW, ranged from 341 m to 1824
m and that channel belt width, CBW, ranged from 399 m to 3967 m. These values
suggest that the river system that deposited the Lamotte Sandstone in Hawn State
Park was comparable in size to the modern South Saskatchewan River (Lunt et al,
2013).
5) The Lamotte Sandstone has long been correlated with the Mt. Simon Sandstone of
the Illinois Basin. Therefore, the sedimentary architecture and paleochannel
dimensions revealed by this study will help constrain geocellular models of
fluvial-type reservoirs in ongoing efforts to model CO2 flow for sequestration.

45

REFERENCES
Allen, J. R. L. Sedimentary Structures, Their Character and Physical Basis. Elsevier,
Amsterdam, 1984
Bridge, J. S. Characterization of fluvial hydrocarbon reservoirs and aquifers: problems
and solutions. Assoc. Argentina Sedimentol., 2001, 8, 87–114.
Bridge, J. S. Rivers and floodplains: Forms, processes and sedimentary record;
Blackwell Scientific Publications: Malden, MA, 2003; p 491.
Bridge, J. S. Fluvial facies models: Recent developments. In Facies Models Revisited;
Posamentier, H. W. and Walker, R. G. eds.; SEPM Special Publication 84, SEPM
(Society for Sedimentary Geology): Tulsa, OK, 2006; pp 85–170.
Bridge, J. S. and Best, J. L. Preservation of planar laminae due to migration of low-relief
bedforms over aggrading upper-stage plane beds: comparison of experimental
data with theory. Sedimentology, 1997, 44, 253–262.
Bridge, J. S. and Lunt, I. A. Depositional models of braided rivers. In Braided Rivers;
Sambrook Smith, G. H. Best, J. L. Bristow, C. S. and Petts, G. E. eds.; Blackwell
Publishing: Malden, MA, 2006; pp 11–50.
Bridge, J. S. and Mackey, S. D. A theoretical study of fluvial sandstone body dimensions.
In Geological Modeling of Hydrocarbon Reservoirs: International Association of
Sedimentologists, Special Publication 15; Flint, S.S., and Bryant, I.D., eds.;
Blackwell Scientific Publications: Oxford, MA, 1993; pp 213–236.
Bridge, J. S. and Tye, R. S. Interpreting the dimensions of ancient fluvial channel bars,
channels, and channel belts from wireline-logs and cores. AAPG Bulletin, 2000,
84 (8), 1205–1228.
Houseknecht, D. W. Transportational and depositional history of the Lamotte Sandstone
of southeastern Missouri. M. S. Thesis, Southern Illinois University, Carbondale,
IL, 1975.
Houseknecht, D. W. and Ethridge, F. G. Depositional history of the Lamotte Sandstone
of Southeastern Missouri. J. Sed. Res., 1978, 48 (2), 575–586.

46

Kalla, S. and Wilson, L. T. Standard Error of the Mean, Explorable.com:
https://explorable.com/standard-error-of-the-mean, 2009.
Kelly, S. Scaling and hierarchy in braided rivers and their deposits: examples and
implications for reservoir modeling. In Braided Rivers; Sambrook Smith, G. H.
Best, J. L. Bristow, C. S. and Petts, G. E. eds.; Blackwell Publishing: Malden,
MA, 2006; pp 75–106.
Leetaru, H. E. and Freiburg, J. T., Lithofacies and reservoir characterization of the Mt
Simon Sandstone at the Illinois Basin – Decatur Project. Greenhouse Gas Sci
Technol, 2014, 4: 580-595.
Leclair, S. F., Preservation of cross-strata due to migration of subaqueous dunes
(unpublished Ph. D. thesis): Binghampton University, New York, 2000; 422 p.
Leclair, S. F. Preservation of cross-strata due to the migration of subaqueous dunes: An
experimental investigation. Sedimentology, 2002, 49, 1157–1180.
Leclair, S.F. and Bridge, J.S. Quantitative interpretation of sedimentary structures
formed by river dunes: J. Sed. Res., 2001, 71 (5), 713–716.
Leclair, S. F., Bridge, J. S., and Wang, F. Preservation of cross-strata due to migration of
subaqueous dunes over aggrading and non-aggrading beds: comparison of
experimental data with theory. Geosci. Can., 1997, 24, 55–66.
Lunt, I. A., Bridge, J. S., and Tye, R. S. A quantitative, three-dimensional depositional
model of gravelly braided rivers. Sedimentology, 2004, 51 (3), 377–414.
Lunt, I. A. Sambrook Smith, G. H. Best, J. L. Ashworth, P. J. Lane, S. N. and Simpson,
C. J. Deposits of the sandy braided South Saskatchewan River: Implications for
the use of modern analogs in reconstructing channel dimensions in reservoir
characterization. AAPG Bulletin, 2013, 97 (4), 553.
Monson, C. C., Dominic, D., Reesink, A., Ritzi, R. W., Stohr, C., and Zhou, R., Braided
Rivers and Other Cambrian Environments of Southeastern Missouri, in
Geological Society of America North-Central Section 50th Annual Meeting, Field
Trip #6: Urbana-Champaign, IL.; 2016, 41p.
Mulvany, P. S. and Thompson, T. L., eds. Paleozoic Succession In Missouri, Part
1(Revised) — Cambrian System: Missouri Department of Natural Resources,
Missouri Geological Survey, Report of Investigations, 70, (1 Rev.), 2013, 266 p.
148 figs.
47

Nichols, G. Sedimentology and Stratigraphy, 2nd ed.; Wiley-Blackwell Publishing:
Oxford, UK, 2009, 432 p.
Ojakangas, R. W. The stratigraphy and petrology of the Lamotte Formation in Missouri.
M. S. Thesis, University of Missouri, Columbia, MO, 1960.
Ojakangas, R. W. Petrology and sedimentation of the Upper Cambrian Lamotte
Sandstone in Missouri. J. Sed. Res., 1963, 33, 860–873.
Paola, C. and Borgman, L. Reconstructing random topography from preserved
stratification. Sedimentology, 1991, 38, 553–565.
Reineck, H. E. and Singh, I. B. Depositional Sedimentary Environments. SpringerVerlag, New York, 1973; 439 p.
Ritzi, R.W., Freiburg, J.T. and Webb, N.D., Understanding the (co)variance in
petrophysical properties of CO 2 reservoirs comprising sedimentary
architecture, International Journal of Greenhouse Gas Control, 51, (423), 2016.
Sambrook Smith, G. H. Ashworth, P. J. Best, J. L. Woodward, J. and Simpson, C. J. The
morphology and facies of sandy braided rivers: some considerations of spatial and
temporal scale invariance. In Fluvial Sedimentology VII; Blum, M. D. Marriott, S.
B. and Leclair, S. F. eds.; Special Publication 35, International Association of
Sedimentologists: Blackwell Publishing, Oxford, 2005; pp 145–158.
Sambrook Smith, G. H., Ashworth, P. J., Best, J. L., Woodward, J., and Simpson, C. J.
The alluvial architecture and sedimentology of the sandy, braided South
Saskatchewan River, Canada. Sedimentology, 2006, 53, 413–434.
Standard Deviation Calculator [Internet]. The Woodlands, TX: Calculator.net; 2008.
Available from: https://www.calculator.net/standard-deviation-calculator.
Wallace, A. J. The Lamotte Sandstone in the region of the Farmington Anticline. M. S.
Thesis, Washington University, St. Louis, MO, 1938.
Yalin, M. S. Geometrical properties of sand waves. J. Hydraul. Eng., 1964, 90, 105–119.
Yesberger, Jr., W. L. Paleoenvironments and depositional history of the upper Cambrian
Lamotte Sandstone in Southeast Missouri. M. A. Thesis, University of Missouri,
Columbia, MO, 1982.
48

APPENDIX

Cross-Set Data from Outcrops

The following pages contain tables showing individual cross-sets together with
photographs of the outcrops. Each table contains the cross-set number and its thickness,
and each is aligned to the corresponding outcrop photograph. In the photographs, crosssets are separated by red lines and numbered. Outcrops are shown in their stratigraphic
order from lowest to highest: Outcrop B, Outcrop A Lower – I, Outcrop A Lower – II,
and Outcrop A Upper. The total number of cross-sets is 61. The physical scale shown in
the photographs has black and white portions in intervals of 0.5 m (large divisions) and
0.1 m (small divisions).
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Outcrop B
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Outcrop A Lower – I
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Outcrop A Lower – II
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Outcrop A Upper
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